The presence of dissolved oxygen (DO) in biological denitrification reactors determines inhibition effects on the denitrification rate. The article shows the results of an experimental study to control the DO concentration in the pre-denitrification stage by a post-anoxic reactor. The results demonstrate that the post-anoxic reactor is very effective in improving the nitrogen removal efficiency because it causes a considerable reduction of the DO content in the mixed liquor recycle sent to the pre-denitrification reactor. This reduction is influenced by both the retention time and the F:M ratio (referred to the denitrification and the oxidation-nitrification volume). In fact, a retention time and a F:M ratio equal to 1.5 h and 0.130 kgBOD5 kgMLVSS in the pre-denitrification reactor and, consequently, a denitrification efficiency of 91%. Moreover, the contribution of the endogenous denitrification to the whole denitrification efficiency was found negligible. The paper contributes to the progress in nitrogen removal from sewage, a fundamental issue for a sustainable management of water resources.
Introduction
Anthropic activities such as industrial plants, intensive agriculture, zootechny, uncontrolled waste disposal and domestic wastewater discharge introduce many pollutants in the environment. Nitrogen is one of them and can be found in both surface and ground water. It is one of the possible causes of eutrophication, while some compounds (e.g., NH3, NO3 − ) can be harmful for human health at relative high concentrations. Therefore, nitrogen control is one of the key factors for the sustainable management of water resources.
Nitrogen compounds can be removed by the means of physico-chemical (e.g., chemical oxidation, stripping, ion exchange, breakpoint chlorination) and biological treatments [1] [2] [3] [4] [5] [6] . The last ones are cost-effective and they are based on the presence of both aerobic and anoxic bacteria. In the nitrification stage, aerobic bacteria oxidize ammonia (NH4-N) into nitrites (NO2-N) and, subsequently, nitrates (NO3-N) in presence of DO. In the denitrification stage bacteria convert NO3-N into gaseous nitrogen (i.e., N2, NO and N2O) under anoxic conditions (absence of DO). Different denitrification layouts have been proposed for biological removal of nitrogen [2] : pre-denitrification, post-denitrification and simultaneous denitrification. Pre-denitrification is one of the most diffused and consists in an anoxic tank (pre-denitrification tank) upstream to the biological nitrification-oxidation reactor. The activated sludge of the oxidation reactor containing NO3-N is recirculated with high flow rate in the anoxic pre-denitrification tank in order to remove nitrates from wastewater.
Small concentrations of DO are constantly present in biological pre-denitrification reactors. The daily average concentrations measured on real scale plants are mostly in the range 0.2-0.4 mgO2·L −1 , with higher peaks during the day, especially in small wastewater treatment plants (WWTPs) which are characterized by strong fluctuations of flow rate and quality [7, 8] . Therefore, the DO concentration within the anoxic reactor is the result of two opposing factors: The oxygen consumption by heterotrophic bacteria and the oxygen intake from raw sewage, sludge recycle and, mainly, mixed-liquor recycle (ML-recycle).
The design of the biological pre-denitrification reactor is generally conducted on the basis of the denitrification rate (rDEN T, gNO3-N kgMLVSS
), assuming a zero-order kinetics (in relation to both NO3-N and organic substrate) and considering the relevant effect of the temperature (T, °C) [9] [10] [11] [12] [13] [14] : 
where rDEN 20 °C = 2.9 ÷ 3.0 gNO3-N kgMLVSS
is the denitrification rate at 20 °C and θ is the temperature coefficient (θ = 1.026; θ = 1.07). Such a value can be significantly reduced by the presence of DO in the denitrification reactor. The possible inhibitory effects of DO on the kinetics of the process were postulated by US-EPA [9] . Further studies highlighted and deepened this effect introducing an inhibition factor and considering both dissimilative and assimilative (cell synthesis) denitrification [2, [15] [16] [17] . A detailed description of such factors can be found elsewhere [18] . DO inhibition on the denitrification rate also depends to the floc size and structure [2] . In any case, the mere presence of 0.2 mgO2·L ) has been proposed [2, 19] :
where Q is the sewage flow rate (m ) and X is the biomass concentration in the denitrification reactor (gMLVSS·m [2, 15, 20] . A recent research highlighted the strong dependence of the SDNR in pre-denitrification from both the DO concentration and the F:M ratio [18] and suggested that the optimal DO concentration for good denitrification efficiencies should be less than 0.2 mgO2·L
In the present paper the authors show the possibility of reducing the DO concentration in the ML-recycle by applying a post-anoxic reactor, which is a reactor downstream of the oxidation-nitrification stage where the only available carbon source is endogenous. Post-anoxic reactors have already been applied to achieve post-denitrification but with poor results; in fact, endogenous carbon allows a very low denitrification rate if compared to external carbon sources. The aim of this experience is to verify the ability of a post-anoxic reactor to reduce the DO concentration so far as to allow a noticeable improvement of the pre-denitrification performance. Preliminary batch tests with mixed liquor samples from an oxidation-nitrification stage were carried out in order to verify the DO behavior in anoxic conditions, while a pilot-plant with two parallel lines has been used to compare the denitrification performances with and without the presence of a post-anoxic reactor.
Materials and Methods

Preliminary Batch Tests
Preliminary respirometric batch tests were performed on 60 samples of mixed-liquor collected downstream of the oxidation-nitrification reactor at three F:M ratios [21] . Tests were conducted in a 1 L bottle completely filled with mixed-liquor and closed with a watertight stopper. For the complete mixing of the mixed-liquor a magnetic stir bar was used. DO concentrations were measured by means of an electrochemical probe (accuracy: 0.01 mgO2·L
) with automatic calibration and temperature compensation.
Experimental Pilot Plants
Description
Two parallel pilot plants with the following layout were used for the tests (Figure 1 The pilot plants were fed with a pre-treated sewage of a 50,000-inhabitant town located in the Northern Italy. The pre-treatments were: (i) a screening stage and (ii) an aerated grit chamber. 
Samplings and Analyses
The instrumentation used for the measurements is ( Figure 2 Samplings and analyses were carried out in compliance with official standard methods [21] .
Operating Conditions
The pilot plants operating conditions were chosen in order to verify: 
where TN is the average daily Total Nitrogen concentration, while the subscripts ps and eff refer to the pre-treated sewage and the effluents, respectively. . During the experimentation, the endogenous denitrification removal efficiency (ηDEN endogenous, %) in ANX was determined using filtered samples:
with the subscripts ANX in and ANX out referring to the inlet and the outlet of ANX, respectively. Table 1 shows the daily average quality of both the raw sewage and the treated effluent of the pilot plant 1. ).
Results and Discussion
Mean Quality of the Raw Sewage and the Treated Effluent
The quality indicates a "low strength" sewage. The average efficiency of the Pilot plant 1 is 70.6% for COD, 90.2% for BOD5, 75.8% for TN and 7.0% for Ptot. The removal efficiency of TN is indeed poor compared to expectations. This result is largely determined by the excessive presence of DO in DEN (DODEN 1 = 2.0 mgO2·L
), mainly due to the strong contribution of the ML recycle as already reported by previous researches [18] . Regarding the mixed-liquor temperature (TML), which is very important for the denitrification performance, the average value was 18 °C (standard deviation: 0.3 °C). Figure 3 shows three respirometric curves obtained from mixed-liquor samples collected at three operating conditions of Pilot plant 1. ). The differences in the three curves can be explained by two converging factors:
Preliminary Batch Tests
 The great presence of residual BOD at high F:M ratios that favors the kinetics of both assimilative and endogenous respiration;  The low degree of sludge stabilization at high F:M that favors the kinetics of endogenous respiration. Figure 4 shows the Pilot plant 1 denitrification performance and the average DO concentration measured in DEN at different F:M ratios. . This result is determined by both the higher carbon bioavailability in denitrification and the decrease of DODEN which drops to the mean value 0.19 mgO2·L −1 . Figure 5 shows the biological denitrification performance of Pilot plant 2, which operates at the same operating conditions of Pilot plant 1. The figure reports also the average DO concentration in both ANX and DEN. ). Also in this case the improvement of the denitrification efficiency is connected to both the greater carbon bioavailability in denitrification (at high values of F:M ratio) and the low DO in pre-denitrification, which drops to 0.113 mgO2·L −1 in the third period. The contribution of endogenous denitrification has also been investigated. The result is shown in Figure 6 , which represents the curves of both endogenous denitrification efficiency and DO in ANX as a function of the F:M ratio. at 20 °C, as reported by [14] ) and the negative effects of the residual DO in AXN.
Experimental Pilot Plants
Conclusions
Small concentrations of dissolved oxygen are always present in biological pre-denitrification reactors. They cause adverse effects on the kinetics of nitrogen removal and, consequently, on the denitrification performance. The addition of a post-anoxic reactor after the oxidation-nitrification stage has proved to be very effective in improving the nitrogen removal because of the considerable reduction of the dissolved oxygen content in the mixed liquor recycle sent to the pre-denitrification reactor. The reduction of the dissolved oxygen content in the post-anoxic reactor is influenced by the retention time and the F:M ratio. High values of F:M ratio (e.g., 0.130 kgBOD5·kgMLVSS in the pre-denitrification reactor and (ii) a denitrification efficiency up to 91%. The improvement of the denitrification efficiency at higher F:M ratio is caused by both the greater carbon bioavailability in denitrification and the higher values of residual BOD fed into the post-anoxic reactor which contribute to the decrease of the dissolved oxygen. The contribution of endogenous denitrification in post-anoxic reactor resulted very small (0.45%-0.85% of the whole nitrogen removal efficiency) because of the very low values of the endogenous denitrification rate and the negative effects of the residual DO on the reaction.
